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THE EFFECT OF TEMPERATURE ON THE DELAYED 
YIELD AND FAILURE OF "PLASTICIZED" EPOXY RESIN* 

O. Ishai** 
Washington Universify 

St. Louis, Missouri 

Abstract 

Epoxy-versamid specimens were loaded In tension up to failure at different 

constant strain-rates and temperatures.  Results revealed three modes of behavior 

prevailing at different temperature-strain-rate regions and associated with brittle, 

ductile and rubbery failure modes.  The ductile region was found to be confined 

within a narrow band on the temperature-strain-rate plane, and is characterized by 

a yield plateau in the stress-strain curve and by linear dependence of yield stress 

on log strain rate and temperature.  Yield strain seems to be almost unaffected by 

strain-rate, but decreases slightly with temperature rise. 

Analysis indicated thai experimental data within the ductile region are 

consistent with Eyrlng's formulatiort for non-Newtonian viscoplastic flow.  It leads 

to the evaluation of the "apparent activation energy" and activation volume for 

the two epoxy systems tested. 

Comparison with previous work indicates that the above parameters as well 

.. yield stress and elastic modulus tend to increase with the decrease of the versamid 

content in the resin. 

Sponsored by the Advanced Research Projects Agency, Department of Defense under 

Office of Naval Research. 

On sabbatical leave, Technion, Israel Institute of Technology 
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THE EFFECT OF TEMPERATURE ON THE DELAYED 
YIELD AND FAILURE OF "PLASTICIZED" EPOXY RESIN 

O. Ishai 

Introduction 

Yield and failure mechanisms of solid polymers have attracted much attention 

during recent years.   Such a study was found to be a useful means for understanding 

molecular structure and processes as well as for specification of these materials for 

engineering structural design.   From both physical and engineering viewpoints, tem- 

perature and time are considered the main factors affecting the mechanical properties 

and especially the strength limits of polymeric systems.   The macroscopic yielding of 

solid polymers, which was found to prevail at the glassy and transition zone, can be 

viewed as viscoplastic flow at a constant strain-rate under constant stress level.   Such 

a non-Newtonian flow is activated at high mechanical energy level by the principal 

shear stress component [1-3], according to the Eyring's formulation [4].   Such yield 

characteristics have been found for linear amorphous [5-7] and semi-crystalline 

'f 

[8-10] as well as for cross-linked [11] glassy polymers. 

i Several studies deal with the effect of temperature and time on the tensile 

strength of elastomers under cre^p [12], constnat strain rate [13], and taxation [14] 

test modes.  The results indicate that failure-time characteristics can be analyzed by 

I means of time-temperature superposition princip.e.   It was suggested recently [15] 

I that yield data could also be treated by a similar time-temperature shift analysis. 

Eyring's rate-process hypothesis, on the other hand, though being limited to a certain 

1 
I 
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Hm.-f mprature range, ll believed to be a u.eful mean, for macro-rheologlcal 

analy.il a. well a. for phy.lcal m{cro-interp.eratlon of the yielding proce«. 

Yield characterLtlc. of an epoxy-verwrnld .y.tem at room temperature was 

found to be con.l.tent with the above approach under both con.tant .train rate 

(C.S.R.) and creep te.t mode. In ten.lon, compreulon, and flexure [16].   Tne .trong 

vlWopla.t!c nature of thi. re.ln wa, attributed to the verMmid component, which ll 

believed to .erve a. an internal pla.ticizer in thi. cro^-linked copolymer [17]. 

Epoxy-verwmid re.in wa. found to provide a matrix of good adherence and high 

toughne« in epoxy-gla.. compose, at room temperature [18].  The main objective 

of the pre^nt work i. the .tudy of the temperature effect on the yielding proce.. and 

on the extent of the ductile behavior of thi. re.in.  Another purpo.e i. to learn more 

about it. mechanical performance at higher temperature.. 

Experimental Details 

Specimen, were made of two epoxy mixe. con.Uting of:   Shell epon       815 

and ver.amid® 140 with the weight proportion, of 60/40 and 70/30, re.pectively. 

Mixing wa. conducted under vacuum, followed by a ca.ting between two gla.. plates 

and cured for 30 minute, at 100« C followed by 3-1/2 hour, at 150« C.   Ten.ile speci- 

men, were cut from the 1/8" plate, according to A.S.T.M. D638-64T. 

Te.t Procedure 

Specimen, were loaded In ten.lon by the in.tron te.ter equipped with a tem- 

perature-controlled chamber.  Content .train rate (C.S.R.) ranged from about 



5 x lO"4 up to 0.5 min"'.  Comfn. t.mp.r»tUr. I.v.1. ranged from 5" C up to 75« C 

h.vln8 th. .ccuracy of  *<>■*' =•  drains wara dafarmlnad by an ln.tron alactrical 

„ram 8ag. axtamomafar with a sansi.Wity of about 0.1%.  In most ca.«, ta.t, war. 

rü„ Up to ultimata failura.   Ruptura surfacas wera axamlnad by scanning microscopy. 

A faw ralaxation tosts wer. performed on resin mix 60/40 at different tarn- 

perature levels. 

Test Results and Discussion 

Strain-rat. and t.mp.ratur. variations were found to affect strongly the 

mechanical behavior of th. .poxy resins.  Th. influ.nc. of th.s. factors on the fol- 

lowing characteristics were studied: 

a. stress-strain (S.S.) relationship 

b. mode of failure 

c. yield and ultimate stress and strain 

d. tangent and relaxation moduli 

..  Th. shap. of S.S. curv. changed significantly with t.mp.ratur. abov. 

5- C.  A monotonously increasing curv. up to failure was typical at t.mp.ratura. 

b,low room tamparatur. (Figur, la).  At int.rm.diat. t.mp.ratur.s (R.T. to about 

40« C), S.S. curv. was charactarizad by a maximum stress plat.au followed by reversal 

„f slope and failure at lower stress I.V.I. (Figur, lb).   At som.wh,t highar ,.mp.r.tu,«, 

th. S.S. curv. shows a secondary lower plat.au followad by a str.ss incr.as. (similar 

,0 strain-hardanlng .ff.ct. in m.tals) up to failure (Figur. 1c).  At still high.r t.m- 

p.ratur.. (abov. 60° C), a typical rubbary str.s.-strain relationship was found, with no 

T—" 



apparent itreu plateau and a monotonously increasing curve up to failure (Figure Id). 

There was no clear-cut shift from one mode to the other, and in a few cases failure 

occurred at the middle of the higher or lower stress plateau.  Similar variations In 

stress-strain relationships were affected to a lesser extent by the strain rate; mode la 

was typical to extremely high and Id to extremely low strain rates at moderate 

temperatures. 

b.  Failure mode was affected by temperature and strain rate In parallel with 

S.S. characteristics.   Brittle failure mode prevails at low temperatures and high 

strain rates In correspondence with S.S. mode la.   Macro-observation of the rupture 

area revealed almost no permanent distortion and a considerable roughness at the rup- 

ture surface originated from a single point origin (Figures 2a, 3a), which Is typical of 

a brittle mechanhm associated with fast crack propagation.  A lower ultimate stress 

value and high scatter characterize the brittle failure mode In comparison to the good 

reproduclblllty of data found In case of ductile behavior.  A ductile failure mode 

associated with S.S. curve of Figure lb was found to prevail at moderate temperature 

and strain-rate regions.   Rupfjre plane In this case was found to consist of small smooth 

area Indicating probably a slow crack propagation, and a major finely rough portion 

showing an oriented pattern* (Figure 2b).   Ductile failure mode was associated with 

pronounced local necking and plastic deformations, and glide lines at about 45° to 

the tensile axis were observed on the surface (Figure 3b). 

♦Similar morphological pattern is generally observed in tensile rupture of glassy poly- 

mers (19].   The boundary between the smooth and rough surfaces Is regarded as a 

transition between subcrltical and critical crack growth [20]. 



The rubbery behavior represented by the S.S. mode of Figure Id was associated 

with slow crack propagation process distributed ail over the gage-length (Figure 3c). 

Eventually at a strain level of above 30% (in extreme cases) a separation at one loca- 

tion occurred.   Observation at rupture surface revealed a smooth area over the entire 

cross-section (Figure 2c). 

The dependence of failure modes on temperature and strain-rate variables and 

the transition from one mode to the other could be defined more clearly by mapping 

the three basic modes on a temperature vs. strain rate coordinates (Figures 4a, 4b). 

Brittle, ductile and rubbery failure are designated by B, D and R, respectively.   The 

transitions from the ductile into brittle and rubber modes are located on two continuous 

temperature log strain-rate curves.   Ductile behavior seems to be confined within a 

narrow temperature range of about 35° C, extending from 15° to 50° C and from 25° 

to 65° C in cases of 60/40 and 70/30 mixes, respectively.  The full bounds for the duc- 

tile failure could not be established owing to a relatively small strain-rate range.   It 

could be assumed, however, that ductile behavior could be defined within a closed 

region located on the temperature-strain-rate plane.   This ductile region is bounded 

by the brittle and rubbery regions which extend from its lower right side and higher 

left side, respectively.  It could be concluded that the epoxy-versamld systems would 

reveal all three failure modes, the prevailing one of which depends on the specific 

temperature and strain-rate.  The relatively small ductile region found in the present 

case is believed to be typical to the present cross-linked material.  A broader ductile 

region was found [15-213 and is expected in case of linear polymers such as P.M.M.A. 

at their glassy-leathery-rubbery transition. 



c.  Yield strMi  ay  and strain   ey  values were obtained from stress-strain 

curves such as those shown in Figure 5.  Plots of  ^   vs. log I   at different tempera- 

tures (Figures 6a, 6b) give a linear relation in the ductile region (defined in Figure 4). 

Yield strew decreases with increasing temperature.  The unclear trend of  <jy   vs. 

log ;   is manifested above 60° C for the 60/40 mix and above 75° for the 70/30 

mix, which is consistent with the ductile-rubbery transitions in failure mode occurring 

at these levels.  The slopes of most plots seem to be common at all temperature levels 

of ductile region.   Slightly lower slopes and higher yield levels are evident for the 

70/30 mix (Figure 6b). 

Yield strain is defined here according to previous works [11,16] as the strain 

at the end of the yield plateau where the slope is reversed (Figure lb).   Plots of   ey 

vs. log e   at different temperatures (Figure 7) indicate that yield strain (as defined 

above) is almost invariant with strain rate but decreases slightly with a temperature 

rise.  Yield strain for the present work could be established to be in the order of 5% 

+ 0.5%.   The extremely higher and lower points and the scatter shown in Figure 7 is 

reasonably within the expected experimental error.   The fluctuation of -^.5% in yield 

stra'n is negligible compared to the variation ir yield stress and elastic modulus which 

was found to decrease by an order of magnitude over the temperature and strain-rate 

range covered in this study.  The characteristics of yield strain and its values are in 

agreement with recent data given by Tobclsky, et al., which suggest direct relation- 

ship between yield strain and the average free volume of the polymer [22-24]. 
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d.  Young's modulus (EQ), defined as the initial slope, was derived from 

the S.S. curves of Figure 5.   Plots of  EQ  VS. temperature for the 60/40 mix a^ .^hree 

strain-rate levels are shown in Figure 8.  Two different trends could be distinguished. 

A moderate modulus decrease with temperature prevails below R.T., followed by a 

steep fall at higher temperature levels down to about 10% of its R.T. value at 66° C. 

Strain rate has a minor effect manifested by upward shift of the modulus-temperature 

curve at higher rates.   The abrupt change In slope may serve to indicate for the glass 

transition of the system, which seems to occur at room temperature (about 28° C for 

the 60/40 mix and probably slightly above 28° C for the 70/30 mix) (Figure 9).  The 

tensile relaxation modulus (Ef) was evaluated from tests at constant strain levels 

ranging from 0.25% to 1%.  Stress values were determined over a 10-minute period. 

Relaxation curves of different temperatures are shown in Figure 10 for 60/40 mix. 

The extent of linear viscoelasticity (i.e., the proportionality of stress to initial strain 

in this case) was found to prevail below «train level of 0.75%.  Plots of   E^  vs. 

temperature for different time periods show a trend similar to that of tangent modulus 

En (Figure 9).   The present work is concerned mainly with yield and failure charac- 

teristics; thus, no further attempt was pursued in this direction.  It has to be pointed 

out, however, that time-temperature shift techniques were found to be applicable for 

the linear viscoelastic data of different epoxy systems at their transition region [25, 26] 

Analysis of Results 

Three approaches could be applied for interpretation of rime-temperature 

mechanical data: 

■~- 
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a. The rate process theory of Eyring. 

b. The semi-empirical time-temperature rediction technique 

(represented by the W. L. F. Equation.) 

c. A macro-rheological relationship to relate stress to strain rate 

and temperature by introducing constant material parameters. 

Plots of yield stress vs. temperature for constant strain rate levels (Figure 11) 

together with the isotherms shown in Figure 6, indicate that the simplified Eyring's 

equation would hold for the ductile region.  It could be formulated in the following 

way: 

e =   [AT] exp [-Q/RT] exp [V0a/4KT] (1) 

where    e =  strain rate 

a =  normal flow stress 

T =  absolute temperature 

^ =  K/h -   rate-process parameter 

K =  Boltzman constant 

h =  Planck's constant 

Q =   "apparent activation energy" 

R =  universal gas constant 

Vn =   X. A   X   - activation volume* 

A   ,   X    =   longitudinal and transverse dimensional units of the 
1 '     2       activated molecular segment, respectively 

X^ =  iump distance 
0 

»The parameter  VQ may be regarded as a measure of the activated segmental unit 

involved in the diffusional process [27]. 

nmam 



The constants A, Q, and Vn are considered as the three basic material parameters 

of the process. The assumption, supported by the data, is that they are independent 

of stress, strain-rate, and temperature. 

The term [AT] was found to be relatively insensitive to temperature within 

the ductile region for the present case.  Equation (1) could thus be written as follows: 

log   S  =  A0 -   A^T   +  A2aA (2) 

and A0 =   log [AT]   ; A1   =  Q log e/R 

A2 = V0 log e/4K 

where  A- ,   A. ,   and  A-  are assumed to be parameters independent of stress, tem- 

perature, and time variables.   The isothermic state could be formulated as follows: 

log   J  =   B    +  B.a (3) 

and Bo =  A0  "  Al//T 

B1   =  A2A 

where Bn and B, are temperature-dependent parameters. The activation volume 

could be derived from the isotherm slopes. The isochrones shown in Figure 11 would 

be represented by the following relationship: 

a =  CjT  -  C0 (4) 

where C.   =   [log   c  -   ^ / ^2 

C« =   A, / A„  and C,   is strain-rate dependent.   The "apparent activation 
0 12 1 

energy" and the   A  parameter could bo evaluated directly by the use of Equation (4). 
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Th. ,.0«.! Equation 0) .nd II. It». v«l« —" « hold r..»n.biy W.II 

h, fh. ^ „1... within ,h. doctll. region .. doflnnd In thl, wotk.  Th. compofd 

v.i^ofth.p.r.m.t.,,  A0,   A,,   A2,  Q  .nd V. h.v. b«n d.rlv.d h«. th. 

.Kp.-^.nt.l d.t. .nd .r. alv.n In T.bl. I.  Th. «1 phyic.l .l9nmcWc of It. 

.ctW.Hon .n.,8y .. th. gl.s.y .nd t,.n.l,lon r.9lon 1. ,ult. ou..tlon.bl..   D... .nd 

***** by Bu.ch. (27) ,nd oth.,, (26) d,ow hi, p«n-« I. -.1.««'» "* 

.„d 1. .trongly d.p.nd.nt on t.mp. <• "*°*-  » «" ""^ " 

M.c.ll.d ".pp.r.n. .=.lv..lon .n.t8y" could not b. r.l...d to blndln9 .n.rgy b.,rlW. 

..l.utt.Uyln«rP,.^dlnc,»ofN^onl.nvl«ou.now.  Th. lnv.,l.nc. of  Q   In 

*, ductli. t.glon, ho„.v.t, 1. .uld.nt In th. pt.-nt c«.  In v.lu. -« to b. up 

.bov. Ik. V.n d., W..r. .nd hycbo^n «condory blndln« .n.,9y I«*, -d Mem 

** of th. .xp.ct.d ptl^ry binding of th. .ys^n,.  Th. .ff.ct of th. u—nW — 

t.„,lnrt..r«lnl.ln.lgnif.c.ntontb.  Q  .nd  A  v.lu« but «^ to Influonc. th. 

.cHv.tlon-volum. p.r.n«^.  Thl, 1. .mlbufbl. to „.orphologlcl chong., wl*ln 

tb. ln^n.1 ****. occuttlng by lncr..,lng tb. .mount of th. v.,»mld V-H.!«" 

groups in the copolymenc system. 

Thl, t,.nd 1, .1» «fLc^d by th. con,l.t.n, Inc.«, of th. m.ch.nlc.1 yl.id 

.nd m„dul Lbl. with th. d.c,..M of vo^mid conton. .. «hown cl..rly In 

Figur. 12.  Th. d.t. for 50/50 ml« w« t.k.n from R.f.r.nc. 11. 

A m.cro-rl»ologlc.l .ppro.ch could b. b.Md on th. yl.ld .«u m th. prlm.ry 

y.,t.bl. .nd E,u.tlon (2) could b. tr.n,form.d .. follow« 
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TABLE I 

PHYSICAL MATERIAL PARAMETERS WHICH CHARACTERIZE 
THE YIELD PROCESS OF TWO EPOXY-VERSAMID MIXES 

60/40 70/30 

Ao 
34 35 

Al 
deg. 12500 13500 

A2 
deg. cm Ag 3.80 4.65 

V0 [A!3 4800 5800 

Q kca l/mole 58 62 

I 
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ay    =   D0 +  D^ log e  -   DjT (5) 

wh.re D0 =  A/Aj ;    D,  =  1/A2 ;    D2 =  ^^ 

Th« D value», which are awumed to be rheological parameter« independant of stress, 

time and temperature, are given In Table 2, 

Equation (5), In analogy with the basic elastic and vlscoelastlc constituent 

equations. Is considered to be more adequate for further mathematical-mechanical 

analysis, as well as for prediction of yield stress In more practical applications.  The 

general relationship between yield stress, log strain rate and temperature could be 

described geometrically as a limiting yield surface on a three-dimensional coordinate 

system.  It could also be projected on the   ay   -   log J   plane by applying time- 

temperature shift analysis, similar to the work done by Smith (29) and others on ten- 

sile failure of rubbery polymers.  The first representation would give a planar surface 

at the ductile zone, where the second would lead probably to a linear master plot at 

this region. 

Conclusions 

Loading of tensile epoxy-versamid specimens up to failure were conducted 

-4 -1 
under different C.S.R. and temperature levels at the range of  5 x 10     - 0.5 min 

and 5° C - 75° C respectively.  Analysis of results leads to the following conclusions: 

I.  The mechanical behavior of the above system», which is assumed to be 

representative of other plasticized cross-linked polymers at their glassy 
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and transition regloni, reveal three failure mode«, namely: brittle, 

ductile and rubbery. The prevailing specific mode Is dependent on 

strain-rate and temperature coordinates Involved. 

2. The ductile zone Is located within a narrow band on the  T - log e 

plane extended approximately from 15° to 50° C and from 25° to 65° C 

In cases of 60/40 and 70/30 mixes, respectively.  It is bounded by the 

rubbery and the brittle zones on its upper and lower ends, respectively. 

3. The specific nature of the ductile mode of behavior is also revealed by 

the pronounced yield plateau of the S.S. curves, the linear dependence 

of yield-stress on log strain-rate and temperature, and by the modulus- 

temperature relationship. 

4. Yield strain seems to be almost unaffected by time and decreases slightly 

with temperature rise, compared to the strong influence of these variables 

on yield-stress and modulus. 

5. Analysis indicates that yield-stress characteristics within the ductile zone 

could be well formulated by Eyring's elation. This leads to the evalua- 

tion of "apparent activation energy" and activation volume for the two 

epoxy mixes. 

6. Comparison with other data indicates that the increase of versamid con- 

tent In the system tends to decrease the activation volume parameter as 

weil as the level of yield stress and modulus variables.  This is consistent 

with attributing the plasticification role to the versamid sub-structure 

within the resin system. 
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7.  The analy$ls provides also a simple formulation for direct prediction of 

yield stress.  It could be concluded, for more practical purposes, that 

the epoxy-versamld system, while showing good performance at room 

temperature and below, becomes less stable above It.   This Is reflected 

by the pronounced decrease of both ultimate-stress and modulus with 

temperature rise and their strong dependence on strain-rate. 
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FIGURE CAPTIONS 

Figur« 1 Typical «treu-straln curves representing the different modes of behavior 
up to yield and failure of epoxy-versamld system. 

Figure 2 Scanning microscopy pictures of rupture-surfaces typical for the three 
following failure modes:   2a - brittle,  2b - ductile,   2c - rubbery. 

(X15) 

Figure 3 Pictures of tensile epoxy specimens near the rupture location, typical 
for the three following failure modas:   3a - brittle,   3b - ckictlle, 
3c - rubbery. (X28) 

Figure 4 The tensile failure modes of epoxy-versamld specimens as located on 
the temperature-strain rate plane, in case of 60/40 mix (4a) and 
70/30 mix (4b). 

Figure 5 Typical tensile stress-strain curves under different constant strain rates 
at constant temperatures for 60/40 epoxy-versamld resin. 

Figure 6 The dependence of yield stress on strain rate at different isothermic 
temperature levels for epoxy-versamld systems of 60/40 mix (6a) and 
70/30 mix (6b). 

Figure 7 The dependence rf yield strain on strain rate at different temperature 
levels for epoxy-versamld systems of 60/40 mix (7a) and 70/30 mix 

(7b). 

Figure 8 The dependence of tensile tangent modulus on temperature under dif- 
ferent C.S.R. levels for 60/40 epoxy-versamld mix. 

Figure 9 The dependence of tangent and relaxation moAili on temperature for 
the two epoxy-versamid mixes. 

Figure 10 Typical relaxation modulus vs. time at different temperature levels 
for the 60/40 epoxy-versamid mix. 

Figure 11 The dependence of yield stress on temperature und^r different C.S.R. 
levels for the epoxy-versamld systems of 60/40 mix (lie/ and 70/30 
mix (lib). 

Figure 12 The effect of versamld content In the epoxy resin on the activation 
volume and mechanical characteristics at room temperature. 
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Figure 2a 

Figure 2b 

Scanning microscopy pictures of rupture-surfaces typical 
for the following failure modes;  2a - brittle; 2b - ductile. 



• 

Figure 2c 

Scan ing microscopy pictures of rupture-surfaces typical 
for the following failure mode:  rubbery.  Ui^J 

Fig 
Pictures of tensile epoxy specimens near the rupture 
location, typical for the three following failure 
modes:  3a - brittle; 3b - ductile; 3c - rubbery. (X28) 
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Analysis Indicated that experimental data within the ductile region 
are consistent with Eyring's formulation for non-Newtonian viscoplastic 
flow.  It leads to the evaluation of the "apparent activation energy" 
and activation volume for the two epoxy systems tested. 

Comparison with previous work indicates that the above parameters as 
well as yield stress and elastic modulus tend to increase with the de- 
crease of the versamid content in the resin. 

DD .FNr.,1473 
S/N 0101.807.6801^  

(PAGE 1) 

SecunU  Classidc dtmn 



8«curlty CI«»ttfic«tlon 

KCV   mono* 
NOLC MOLB «OLI WT 

temperature effect 

strain-rate effect 

yiexd stress, yield strain 

brittle failure 

epoxy resin 

tension 

tangent modulus 

relaxation 

7Zm DD .7-1473 'BACK> 
(PAGE  2)     Sacurlty Clattifirition 


